Objective: Fatigue is a core feature of functional somatic syndromes (FSS). Fatigue is also prominent in patients with thyroid diseases, which is unsurprising given the role of the hypothalamic-pituitary-thyroid (HPT) axis in regulating physiological energy demands. Research in healthy women has shown that early life adversity is linked with alterations in the HPT axis. In view of the substantial prevalence of early life adversity in patients with FSS, our aim was to investigate whether HPT functioning is related to (a) fatigue, and (b) early life adversity in these patients.
INTRODUCTION
Fatigue is a multidimensional phenomenon, which can be described on a physical and mental level. While physical fatigue refers to a state of bodily exhaustion, mental fatigue is characterized by reduced alertness (Smets et al., 1995) . As a symptom, fatigue is present in several medical diseases, such as cancer (Minton et al., 2013) . However, around a third of patients seen in primary care report medically unexplained fatigue, that is, fatigue in the absence of such conditions (Steinbrecher et al., 2011) . In line with this, fatigue features prominently in several of the so-called functional somatic syndromes (FSS), which are characterized by different constellations of physical symptoms that are not attributable to any somatic disease (Wessely et al., 1999) . For instance, fatigue is the core symptom of chronic fatigue syndrome (Fukuda et al., 1994) , is a case-defining symptom of fibromyalgia syndrome (Wolfe et al., 2010) , and is one of the most frequently reported and most distressing symptoms in patients with irritable bowel syndrome, as recently confirmed by meta-analysis (Han and Yang, 2016) .
Fatigue is also one of the most frequent complaints in overt thyroid diseases, such as Hashimoto's thyroiditis (Chaker et al., 2017) or Graves' disease (De Leo et al., 2016) . This is unsurprising, given that the hypothalamic-pituitary-thyroid (HPT) axis is involved in governing physiological energy demands (Medici et al., 2015) , and thyroid hormone receptors are expressed in numerous bodily tissues, including the brain (Bauer et al., 2008) . Accordingly, the HPT axis is a highly interesting endocrine system to investigate in patients with FSS. However, to date, only a handful of reports have been published on this issue. In chronic fatigue syndrome, findings from case-control studies are equivocal, with null findings (Allain et al., 1997) reported alongside results of elevated thyroid-stimulating hormone (TSH) (Moorkens et al., 2000) , decreased free triiodothyronine (fT3) (Ruiz-Nunez et al., 2018) , and decreased free thyroxine (fT4) (Fuite et al., 2008) in patients. One study examining patients with fibromyalgia syndrome observed lowered fT3 when compared to healthy controls (Riedel et al., 1998) . This finding is contradicted by other studies, which failed to detect any differences in HPT parameters between patients and controls (Neeck and Riedel, 1992; Inal et al., 2014) . When taken together, there is preliminary evidence that patients with FSS are affected by increased TSH and/or lowered circulating levels of thyroid hormones. However, research attempting to unravel the origins of these alterations is sparse.
Interestingly, there is evidence to suggest that early life adversity can modulate HPT functioning. For instance, a recent study found higher TSH in pregnant women with versus without childhood trauma (Moog et al., 2017) . Similarly, altered circulating levels of fT3 were shown in women with childhood sexual abuse when compared to non-traumatized women, the direction of which depended on whether they had a menstrually related mood disorder or not (Bunevicius et al., 2012) . Given the high prevalence of early life adversity in patients with FSS (Nater et al., 2011; Afari et al., 2014) , one may thus hypothesize that only a subgroup of patients reporting such experiences is affected by alterations in the HPT axis. The aims of the present study were therefore (1) to test whether patients with FSS differ from healthy controls in thyroid functioning, and (2) to investigate, for the first time, whether thyroid functioning is related to the experience of fatigue and early life adversity in patients. We expected to find significant associations of thyroid parameters with fatigue severity and with the degree of early life adversity. Due to the female preponderance in patients with FSS, and to limit any confounding effects of gonadal hormones on HPT measures, only women were included in the present study.
MATERIALS AND METHODS

Participants
A total of n = 33 patients with FSS were recruited from the general population, from local primary and secondary care services, and via self-help groups. Inclusion criteria were age 18 years or above, fluency in the German language, and fulfillment of research diagnostic criteria for chronic fatigue syndrome, fibromyalgia syndrome, or irritable bowel syndrome. Chronic fatigue syndrome was diagnosed according to the Centers for Disease Control and Prevention (CDC) criteria (Fukuda et al., 1994) , fibromyalgia syndrome was diagnosed according to the American College of Rheumatology (ACR) 2010 criteria (Wolfe et al., 2010) , and irritable bowel syndrome was diagnosed according to the Rome III criteria (Longstreth et al., 2006) . Exclusion criteria were pregnancy, lactation, and having any major physical disease, such as cancer, hepatic, hematological, neurological, or autoimmune diseases. The presence of overt thyroid diseases was excluded by means of a physical examination and laboratory testing (see below); i.e., all thyroid hormone levels had to be within the normal range. In addition, the following major mental disorders were excluded by means of a structured clinical interview (see below): current major depressive disorder, substance abuse or dependence within the past two years, any eating disorder within the past five years, and any lifetime psychotic or bipolar disorder. A total of n = 30 healthy agematched controls were recruited from the general population using newspaper advertisements and flyers.
Protocol
All participants were scheduled for an appointment at our laboratory between 8 and 10 am. First, participants were physically examined, and a thorough medical history was obtained in order to exclude any major physical diseases. For the same reason, a fasting blood sample was taken for a complete blood count with leukocyte differential, and to determine sodium, potassium, calcium, phosphate, chloride, aspartate transaminase, alanine transaminase, alkaline phosphatase, bilirubin, glucose, protein, creatinine, glomerular filtration rate, urea, IgG, IgA, IgM, C-reactive protein, rheumatoid factor, albumin, and antinuclear antibodies. The same sample was used to determine TSH, fT3, and fT4. Finally, the structured clinical interview for DSM-IV (SCID) was performed to confirm the absence of any major mental disorders. All study investigators were trained psychologists with extensive experience in conducting the SCID. The study protocol was approved by the local ethics committee (University of Marburg) and written informed consent in accordance with the Declaration of Helsinki was obtained from all participants.
Psychosocial Measures
All sociodemographic information was collected by means of a questionnaire. Medical histories including current intake of medication were obtained via a standardized form. Chronic fatigue syndrome was assessed by means of three questionnaires and in line with a previously published algorithm that is based on the CDC criteria (Nater et al., 2009) . In brief, the multidimensional fatigue inventory (MFI) (Smets et al., 1995) was used to measure fatigue severity, the CDC Symptom Inventory (Wagner et al., 2005) was used to collect information about ancillary symptoms of chronic fatigue syndrome, and the Medical Outcomes Study 36-item short-form health survey (Ware and Sherbourne, 1992) was administered to inquire about limitations in physical activities, social activities, usual role activities because of physical health problems, and usual role activities because of emotional problems. Fibromyalgia syndrome was diagnosed by means of the Fibromyalgia Symptom Scale (Wolfe et al., 2011) , which consists of the widespread pain index (WPI) and the symptom severity (SS) scale and allows the determination of fibromyalgia syndrome according to the ACR 2010 case definition (Wolfe et al., 2010) . A WPI ≥ 7 and SS ≥ 5 or a WPI 3-6 and SS ≥ 9 is indicative of a diagnosis. Irritable bowel syndrome was established based on the Irritable Bowel Syndrome Mode (Drossman and Dumitrascu, 2006) . This scale contains all relevant symptoms of irritable bowel syndrome and is scored based on the Rome III criteria. The MFI (see above) was also was used to measure general fatigue, physical fatigue, and mental fatigue in both patients and controls. The childhood trauma questionnaire (CTQ) (Bernstein et al., 2003) was administered to measure early life adversity. It distinguishes five trauma domains: emotional neglect, physical neglect, emotional abuse, physical abuse, and sexual abuse.
Biological Measures
A fasting blood sample was taken between 8 and 10 am and sent immediately to the biochemical laboratory of the University Hospital, University of Marburg. TSH was analyzed using a competitive chemiluminescence assay (Lumi-Phos530, Beckman, Krefeld). Free T3 and T4 were measured via a chemiluminescence assay (Lumi-Phos530, Beckman, Krefeld). The intra-assay variation was <5% for all parameters and the inter-assay variance was <5% for TSH and <6% for fT3 and fT4.
Statistical Analyses
All variables deviating from a normal distribution were transformed via natural logarithms (biological measures) or analyzed by means of non-parametric tests (psychosocial measures). Univariate analyses of variance (ANOVAs) were computed to compare patients and controls in terms of circulating TSH, fT3, and fT4. Next, multiple linear regression analyses were conducted to (1) test the association between fatigue levels (predictor variable) and thyroid parameters (criterion variable), and (2) test whether early life adversity (predictor variable) was linked with thyroid parameters (criterion variable). Age, body mass index (BMI), smoking, and intake of medication were controlled for in all analyses. Descriptives are given as median and interquartile range (IQR) or frequencies. All analyses were conducted using the Statistical Package for the Social Sciences (SPSS), version 22, and the level of significance was set at 5%.
RESULTS
Participant Characteristics
Characteristics of patients and controls are reported in Table 1 . On average, the women in our sample were middle-aged, of normal weight, and around a fifth were smokers. Fourteen (42%) patients fulfilled criteria for both chronic fatigue syndrome and fibromyalgia syndrome, eight (24%) had chronic fatigue syndrome and irritable bowel syndrome, seven (21%) had fibromyalgia syndrome and irritable bowel syndrome, and six (18%) fulfilled criteria for all three syndromes. Patients and controls were statistically equal regarding sociodemographic and lifestyle variables, except for a marginally higher BMI in patients (trend). Patients had significantly higher levels of general, physical, and mental fatigue, and all scores were in the top quartile of the general population. Patients did not differ from healthy controls in terms of moderate to severe childhood trauma, with the exception that they tended to report more emotional abuse.
Thyroid Functioning in Patients Versus Controls
As is evident from 
Thyroid Functioning and Fatigue
There were marginally to highly significant relationships between circulating TSH and patients' general (β = −0.32, p = 0.064) and physical fatigue levels (β = −0.47, p = 0.007), while mental fatigue was not linked with TSH (β = −0.29, p = 0.108; see also Figures 2A-C) . Similar findings emerged in terms of fT4, which had significant links with general fatigue (β = 0.35, p = 0.038) and marginally significant links with physical fatigue (β = 0.32, p = 0.077), while mental fatigue was found unrelated to fT4 (β = 0.13, p = 0.481). By contrast, none of the regression models predicting fT3 (all p > 0.328) was significant.
There were no relationships between thyroid parameters and fatigue in healthy controls (all models p > 0.474).
Early Life Adversity and Thyroid Functioning
In patients, nearly all forms of childhood trauma were marginally to highly significantly related to circulating levels of TSH (emotional neglect: β = −0.33, p = 0.064; physical neglect: No such associations were observed for fT3 (all models p > 0.157) and the same was true for fT4, although there was a trend-level association with physical neglect (β = 0.31, p = 0.099). There were no relationships between childhood trauma and thyroid parameters in healthy controls (all models p > 0.146).
DISCUSSION
The present study has two main findings: First, patients with FSS did not differ from their healthy counterparts in terms of thyroid functioning, but a lower TSH and higher fT4 concentration was associated with greater physical and general fatigue, respectively. Second, the more early life adversity patients experienced, the lower their current TSH levels.
The first finding is in line with previous studies which failed to find any differences in thyroid parameters between patients with FSS and healthy controls (Neeck and Riedel, 1992; Allain et al., 1997; Inal et al., 2014) . However, others reported elevated TSH (Moorkens et al., 2000) , lowered circulating fT3 (Riedel et al., 1998; Ruiz-Nunez et al., 2018) , or attenuated fT4 (Fuite et al., 2008) in patients with chronic fatigue syndrome or fibromyalgia syndrome. These discrepancies are likely attributable to sample characteristics. For instance, different case definitions of chronic fatigue syndrome have been published, such as the Oxford (Sharpe et al., 1991) and CDC criteria (Fukuda et al., 1994) , and there have been numerous modifications to the ACR criteria for fibromyalgia syndrome over the past two decades. In addition, ours was the first study to include patients with irritable bowel syndrome, which despite the syndrome overlap among FSS (Aaron and Buchwald, 2001; Fischer et al., 2013) , naturally hampers any comparison with prior research. Similarly, we were careful to exclude patients with overt hypothyroidism or hyperthyroidism as determined by laboratory testing, while not all previous FSS studies adhered to such procedures. While the CDC criteria FIGURE 2 | (A-C) Thyroid-stimulating hormone (TSH) and general, physical, and mental fatigue [multidimensional fatigue inventory (MFI)] in patients with FSS. Controlling for age, Body mass index (BMI), smoking, and intake of medication, the association between TSH and physical fatigue was significant (β = −0.47, p = 0.007), while there was a trend in terms of TSH and general fatigue (β = −0.32, p = 0.064). By contrast, TSH was found unrelated to mental fatigue (β = −0.29, p = 0.108).
for chronic fatigue syndrome are very specific in describing conditions exclusionary to its diagnosis and how these should be established (Fukuda et al., 1994) , the ACR criteria are far less restrictive by allowing any somatic disease to co-occur with fibromyalgia syndrome (Wolfe et al., 2010) . It is thus possible that some of the previous studies contained cases with autoimmune thyroid diseases, which could have inflated any subtle differences between patients and healthy controls. Interestingly, we were still able to demonstrate a significant negative relationship between TSH concentrations and physical fatigue and a positive relationship between fT4 and general fatigue in the present sample. This either suggests that lower TSH and higher fT4 lead to fatigue in patients with FSS, or that prolonged periods of fatigue decrease TSH and increase fT4. Experimental studies may prove useful in examining these hypotheses in greater detail. In addition, the mechanisms underlying the observed links between TSH and physical fatigue should be explored in greater detail by assessing to what extent the thyroid's secretory capacity or activity of peripheral deiodinases may play a role in this (see, e.g., Ruiz-Nunez et al., 2018) .
The second finding of this study -a negative association between early life adversity and TSH levels in patients with FSS -is novel. Very few studies have investigated how HPT functioning in general may be altered as a result of adverse experiences during childhood. Most recently, Moog et al. (2017) were able to demonstrate that women with moderate to severe childhood trauma had a significantly enhanced risk of subclinical hypothyroidism during pregnancy, as indicated by higher circulating levels of TSH. Another study found altered fT3 in women reporting a history of sexual abuse when compared to non-abused women (Bunevicius et al., 2012) . When taken together with the finding of the present study, it is tempting to assume that subtle alterations in HPT functioning represent a mediating pathway between early life adversity and fatigue as present in FSS. This would resonate well with the notion of thyroid allostasis, which describes the wear and tear of the HPT axis in response to various stressors (see Chatzitomaris et al., 2017 for a recent review). The early life period might be particularly sensitive to permanent stress-induced alterations of endocrine systems. Animal research has shown that lower maternal caregiving resulted in lower T3 and higher T4 levels, which appeared to be due to tactile stimulation (Hellstrom et al., 2012 ). This in turn was linked with epigenetic modifications within the gene encoding the glucocorticoid receptor, thus influencing hypothalamic-pituitary-adrenal (HPA) axis functioning. Given the extant evidence on HPA alterations in patients with FSS (Nater et al., 2011) , the HPT axis could thus be a crucial player in translating early life adversity into FSS. Notably, certain types of childhood trauma, namely physical neglect, physical abuse, and sexual abuse appear to have a particularly strong impact on HPT functioning, as suggested by the data of this study and other research in patients with PTSD, borderline personality disorder, or depressive disorders (e.g., Friedman et al., 2005; Plaza et al., 2010; Sinai et al., 2014) . This aligns well with recent evidence for a differential impact of trauma subtypes on the neural architecture (Heim et al., 2013) . However, the mechanisms underlying these findings have not been examined yet. An alternative explanation is that the CTQ provides more valid estimates of physical abuse, physical neglect, and sexual abuse when compared to emotional abuse and neglect, which is indeed suggested by the original validation study (Bernstein et al., 2003) . In conclusion, further studies with are required to directly test the outlined mediation hypotheses, and preferably in larger samples of patients, since extreme levels of abuse and neglect (as present in some individuals with FSS) may otherwise have a disproportionately high impact.
This study presents with a number of strengths, such as our careful selection of patients with FSS. All patients fulfilled criteria for the most widely used case definitions for each FSS and were free of any major physical and mental illnesses. In addition, this was the first study to investigate how one of the most frequent and most disabling symptoms of these patientsfatigue -is related to thyroid functioning. Finally, we provided initial evidence that early life adversity is linked with thyroid functioning in this group of individuals. A number of limitations equally deserve mention. First, the decision to exclude men from the study means that replication of our findings in a mixed sample is warranted. Second, our sample was not large enough for a meaningful stratification according to the presence or absence of early life adversity. We were, however, able to undertake correlation analyses, which may even be more informative given that early life adversity is not a dichotomous phenomenon. Third, prospective studies are required to answer the question of whether subtle alterations in the relationship between thyroid functioning and fatigue may ensue as a consequence of early life adversity, or whether such alterations precede adverse circumstances.
In sum, the present study provides initial evidence of a link between TSH and fT4 concentrations and fatigue as experienced by patients with FSS. Moreover, TSH levels were directly linked with early life adversity in patients. The HPT axis has been studied extensively in conditions which frequently co-occur with FSS (Henningsen et al., 2003; Fischer et al., 2013) , such as anxiety disorders (Fischer and Ehlert, 2018) or major depression (Fountoulakis et al., 2006) . In depression, this research has led to the development of effective therapies, such as the augmentation of antidepressant treatment with T3 in patients with treatment resistance. We would thus encourage future studies to continue this promising line of research in patients with FSS. We believe that larger, prospective studies in concert with experimental studies testing the integrity of the HPT axis in a standardized manner are most likely to advance the field at this stage.
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